Introduction
Micellar electrokinetic capillary chromatography (MECC), introduced by Terabe et al. [1, 2] , is a selective and efficient separation technique with rapidly growing areas of application.
A predictable and reproducible electroosmotic flow (EOF) through the capillary column is essential for the MECC technique, thcrcfore it is important to control the magnitude and the reproducibility of the EOF in order to obtain reliable results. The EOF is the movement of a COnducting liquid relative to a stationary surface of an electric isolator, which results when an electric field is applied along this liquid/solid system. At the interface between the solid and the liquid phase an electric double layer exists. In the double layer a specific zeta-potential may be distinguished as one of the factors determining the EOE The expression for the potential distribution in the Chromatographia Vol. 33, No. 7/8, April 1992 electric double layer has been described [3] [4] [5] [6] [7] [8] and its relation to the EOF was derived by yon Smoluchowski [9] .
Factors influencing the EOF include: the material of the capillary column, the physical and chemical property of the column wall; the composition and concentration of the buffer, the pH and percentage of organic modifiers in the mobile phase and the possibly in situ coating effects of the column wall by surfaetants added to the buffer. A number of reports has been published about the factors which may influence the EOE For example, in capillary zone electrophoresis (CZE), the EOF is in many cases suppressed to avoid disturbance of the separated zones and to improve the reproducibility of separations. Organic solvents such as methanol, 2-propanol and acetonitrile were investigated as additives to the buffer solution to affect the EOF [a0 -20] . Both decreased EOF [14, 18, 2o] and increased EOF as well [12] have been observed with the addition of acetonitrile. Also, silanization by trimethylchlorosilane (TMCS) was used to silylate the column surface and reduce the EOF [13, 21] . Again, polymer and a number of other coatings were applied by different authors [22] [23] [24] [25] [26] [27] [28] and a decreased EOF was generally observed. Terabe et al. [29] investigated the effects on the EOF of hydrophobic and hydrophillic coatings. It was increased by the coating of polymethylsiloxane in MECC which was explained in terms of adsorption of sodium dodecylsulfate (SDS) to this coating at the column wall. A decreased EOf was obtained in a Carbowax 20M-modified column which could not be explained by adsorption of SDS. Lux et al. [30] also studied the influence of the same types of coatings. Similar results were achieved as [29] and it was also found that the effect of the coating on the EOF increased with increasing fihn thickness until the filna thickness was above 40 nm and reached a constant EOE The changes of electroosmotic flow by the column coatings were attributed to changes in the ~-potential in the electric double layer at the column wall.
In some cases confusing results for the observed EOF values were reported and explained mainly in terms of changes in the t-potential in the electric double layer at Originals 303 0009-5893/92/4 0303-06 $ 03.00/0the column wall. The qucstion, however, why the ~-potential changed in a specific situation by the different modifications to the column surface remains unanswered in most cases.
The aim of this work was to study these essential questions by systematic investigation of the influence of different coatings on the EOF and to correlate that to the physical and chemical properties of the column wall. Fused silica capillaries wcrc treated with a variaty of reagents to investigate their effects on the magnitude and reproducibility of the EOF. The results of untreated and treated columns were collected under the same experimental conditions. Furthermore, experiments with and without SDS addition to the buffer were carried out to elucidate the role of this surfactant on the EOE Finally, interaction mechanisms at the liquid/solid interface of the column wall are discussed to explain the influence of the different modifications.
Experimental

Equipment and Reagents
A home-built instrument system consisted of a Perspex box with a pressure system for rinsing the capillary; a UV detector (Unicam Analytical Systems, Cambridge, UK) for on-column detection; an HCN 35-35000 high voltage power supply (FuG, Elektronik GmbH, FRG). A Tulip AT compact 3 computer connected to a home made interface Multilab-TS allowed control of electromigrative sample introduction and adjustment of the separation voltage as well. Acquisition and calculation o17 the data were performed with the program Caesar (B-Wise Software, Gcleen, The Netherlands).
Separations were performed in fused silica capillaries (350/am o.d., 50 bun i.d., Siemens, FRG) 67 cm long, with an optical window at 50 cm from the injection side for oncolumn detection. Samples were introduced into the column by the electromigration technique, applying 5 kV for 2 sec. Separations were carried out at 20 kV using methanol as the dead time marker.
Polymethylhydrosiloxane (PMHS) and polymethyloctadeeylsiloxane (PMODS) were from Petrarch Systems (Bristol, PA, USA). Polydimethylsiloxane (PDMS) and Carbowax 20M were from Chrompack (Middelburg, NL). These reagents were used without further purification.
Procedures
The capillary column was pretleatcd according to the procedure described in [31] . For PMHS deactivation, tN column was dynamically coated with 15 % (v/v) PMt-IS solution in pentane (according to Bartle [32] , generating film thickness of 40 nm). After flushing the column with He for 30 rain, it was sealed by a micro torch and heated in a GC oven from 40 ~ to 300 ~ at 8 ~ min-1 and kept at 300 ~ for 2 h. Then, the column was rinsed with 1 r~l dichk)romethane and 1 ml methanol, respectively. For other modifications, the capillaries were dynamicalb' coated with 15 % (v/v) PMODS and statically coated with 0.8 % (v/v) PDMS and 0.5 % (v/v) Carbowax 20bt solution respectively. 0.5-3 % (w/w to stationary phaseS) dicumyl peroxide (DCP) was added to the coatirg solution for immobilization of the coatings which was carried out by heating the sealed column from 40 ~ to 180 ~ at 8 ~ min-1 and kept at 180 ~ for 80 min. The~, the modsified capillaries were rinsed with 1 ml dichlor0" methane and 1 mI methanol respectively. Before use in the MECC experiments all capillaries were washed with water (30 rain) and subsequently with the same buffer solutions to be used in the experiments (20 rain), prior to the separations.
The buffer solutions used in this study werc:
(1) 0.02 M aqueous sodium phosphate, pH 7. (4) as (1) adjusted to pH 9 with concentrated NaOt-1 solution.
Results and Discussion
Reproducibility of EOF Data and Peak Areas
The reproducibility of the EOF expressed in migratio~ times and peak areas measured for some coated and untreated columns are in Table I . A rinsing step whicl~ Column No.: 1 = PDMS coated column; 3 = untreated column; 4 = PMODS coated column; x = average value, er = standard deviation, cr/x = relative deviation, %; number of experiments n = 3; (a) with rinsing step; (B) without rinsing step.
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From the data in Table I , it can be concluded that improved reproducibility of the EOF and peak areas was Obtained by rinsing the capillary column with water between analyses.
Influence on EOF of Surface Modification of Columns
Without addition of SDS to the buffer:
The EOf data together with the standard deviations for untreated and modified capillary columns without addition of SDS to the buffer are summarized in Figure 1 .
From the data in Figure 1 it may be clear that compared to the untreated column:
(1) the EOF is increased by the surface modification of PMHS and PDMS coatings, which is in agreement with observation in [29] [30] ;
(2) decreased EOF is observed for the PMODS and Carbowax 20M coatings.
With addition of SDS to the buffer:
The EOF data together with the standard deviations for untreated and modified capillary columns with SDS in the buffer Solution are in Figure 1 .
Some conclusions can be drawn from Figure 1 :
(1) In contrast to the situation without SDS in the buffer, the EOF in the untreated column is decreased. This may be due to the increase in the viscosity of the electrolyte medium by the addition of SDS. The EOF is inversely proportional to the viscosity of the electrolyte. There is no evidence that the surfactant is adsorbed at the column wall because of the electric repulsion of the ionized silanol groups on the column wall. Consequently decrease in the EOf value can be attributed to increase in viscosity. EOF values in untreated and modified capillary columns; column I = IUDMS coated; column 2 = PMHS coated; column 3 = untreated; COlumn 4 = PMODS coated; column 5 = Carbowax 20M coated; COlumn length = 67 cm with optical window at 50 cm from injection Side; triangle = buffer l, square = buffer 2; UV detection at 210 nm.
(2) The EOF is increased for PMHS and PDMS treated columns compared with that observed without SDS in the buffer.
(3) A significantly decreased EOF is observed for PMODS and Carbowax 20M-modified columns after SDS was added to the buffer.
Theoretically, an increased EOF will shorten the analysis time with the sacrifice of resolution of separation. On the other hand, the resolution can be enhanced by decreasing the EOF, i.e., by prolongation of the analysis time. This was confirmed by ref. [30] and our experiments (data not presented in this study).
Discussion on Influence of Surface Treatment on EOF
When an untreated fused-silica capillary column is filled with buffering electrolyte, the dissociation of the surface silanols is the main source generating the e-potential. The degree of dissociation of surface silanols depends strongly on the pH of the buffer solution. In the case when the column is coated with hydrophobic and/or hydrophilic coatings, different effects on the EOF, compared to a bare unmodified column, can be expected.
In general, a coating on the wall of a capillary column is supposed to eliminate and/or shield the active sites (silanols) at the column surface. The accessibility of the silanols on the column wall in contact with water molecules of the electrolyte solution depends on the degree and efficiency of the coverage. Both the dissociation of the residual silanols and the specific properties of the coating may contribute to the e-potential in the electrical double layer.
To explain the role of the silica substrate of the column in controlling the EOF, the hypothesis of Tanabe et al. [33] [34] [35] can be applied. This model was developed to describe the surface acidity caused by the charge distribution in binary metal oxides. When an inorganic oxide like silica is contaminated with metal impurities it can be considered as a mixture of oxides at thc molecular level. These impurities may cause charge imbalances leading to different contributions of the positive or negative charges across the silica surface of thc column wall. In turn, this may incluence the EOF through untreated silica columns at least. Depending on the purity of the silica substrate and the efficiency of an eventual modification of the column wall, this effect will be manifest.
In addition to this effect, the charge distribution arising from the polarity of the column coating also plays an important role. For PMHS, PDMS and PMODS modified columns, the column wall is covered with a layer of a polysiloxane backhone, of which the Si-O-Si bridge is a major component (Figure 2 ). Considering the electronegativities of the elements involved in the chcmical structure of the column surface: 2. A more general explanation for the influence of the wall coating on the EOF lies in the structure shown in Figure 2 . By the partial ionic character of the Si-O bond [36] [37] and the electron donating properties of the alkyl groups, each repeating unit in the backbone will gain excess electron density. This makes them behave as a negatively charged centre (spot) in contact with thc electrolyte solution. The EOF is therefore strongly influenced in this way.
Besides the electronegativity, the steric effect also has to be taken into account to explain the differences between the three coatings discussed. The PMHS modification shows an increased EOF compared with the bare silica column but the effect was smaller than with the PDMS modified column. This may be attributed to the weakening effect of the H atom in the PMHS coating on the charge distribution of the siloxane bridge. Moreover the film thickness of the PMHS coating is less (40 nm) than that of the PDMS coating (100 nm), which also may influence the EOE For the PMODS coated column, the electron donating property of the methyl and Cls groups are about the same. The steric effect of the C18 ligands, however, may be dominant in shielding the charge ccntres on the column wall resulting in a decreased EOE
In general the siloxane backbone will show a ~5+/8 -charge distribution due to the difference in the electronegativity between the elements involved. In addition this charge distribution will be influenced by electron donating or withdrawing groups.
The Carbowax 20M coating which covers the column with a layer of polyethylene glycol (see Figure 3 ) and which is supposed to shield thc surface silanol groups from interaction with the electrolyte, shows a different effect on the EOE Here the electronegativity difference between C and 0 atoms is less than that between Si and 0 atoms and therefore, the ~5+/5-charge distribution is lesS pronounced. In addition, the C-OH groups are more difficult to dissociate than silanol groups, in other words, the acidity of silanol groups is higher than that of carbinol groups [38] , so that, a reduced EOF is observed using Carbowax 20M coatings.
In general, when the column coating is very thin (dr < 40 nm), the shielding of the silanols may be not complete which will contribute to the electroosmotic flow [30] .
The adsorption of SDS to the column surface will influence the C-potential and normally an increased EoF can be expected. For untreated columns, however, this adsorption may be hindered by the electric repulsion of the surface silanols. In the case of the untreated column, decreased EOF was observed after the addition of SDS to the buffer. This may be attributed to the increased viscosity of the electrolyte solution in the presence of SDS. An increase in viscosity by the addition of SDS to the buffer was estimated to be about 10 % using the Einstein equation [39, 40] . This is in agreement with the decrease of the EOF by about 10 % with column 3 it1 Figure 1 .
Taking into account a 10 % decrease in the EOF due to increased viscosity of the buffer, the data in Figure 1 show that SDS may adsorb on the PMHS and PDMS coated surface. This will be due to hydrophobic interactions between these coatings and the SDS. Enhancement of the EOF by adsorption overrules the decreasing effect due to viscosity, so a net increasc in EOF was observed. For the PMODS coating no net EOF increase or decrease was observed, indicating that very little or no SDS was adsorbed. In contrast to the PMHS and PDMS coatings, here probably the occurrence of a Donnan exclusion effect prevented SDS adsorption at the column coating.
The adsorption of SDS on the Carbowax 20M-nmdified column wall may be negligible since this material behaves as a hydrophilic coating, showing little or no hydrophobic interaction with SDS.
Stability of Coatings
The PDMS and Carbowax 20M coated columns were selected to study the stability of the coatings towards the applied electrolytes, also the effects of possible instability (1) EOF was measured with buffers (1) and (2) see experimental section), respectively, in each column at the start of the procedure;
(2) next the columns were rinsed with buffer (3) for 1 day; (3) followed by a rinsing step with buffer (4) for 1 day; (4) finally, the columns were rinsed with water and again the EOF was measured as in step (1) under the same conditions. This procedure was repeated for 2 weeks and the column activity and film thickness were determined by GC measurements before and after this rinsing procedure.
The results of these measurements are summarized in Figure 4 . It can be seen that the EOF decreased to 85 % of the starting value with PDMS coated columns after a 2 Week rinsing procedure. The EOF of the Carbowax 20M modified column decreased 5 % after this rinsing test. This latter coating shows a relatively higher stability than the PDMS coating under the applied experimental COnditions. 
Figure 4a
Stability test ol PDMS modified columns; experimental conditions as Figure 1 . It also turned out that the film thickness of both coatings decreased. For the PDMS modified column the EOF value approaches the value of an untreated capillary column. GC measurements comparing the retention factors of tetradecane under the same conditions before and after this rinsing test show that the film thickness of PDMS and Carbowax 20M coated columns is decreased by 15 % and 7 % respectively. The activity of both columns towards the polar components in the test mixture [31] is significantly increased.
Conclusions
From the data collected it is clear that rinsing of the fused silica capillary column between each analysis is important to obtain reproducible results.
Different effects of the several coatings on the electroosmotic flow were observed and explained with respect to their specific influences on the e-potential. Enhanced EOFs were obtained by PMHS and PDMS surface modification of the columns compared to untreated columns. This is due to the increased charge distribution across the polysiloxane backbone of the coatings, which increases the e-potential in the electrical double layer and hence the EOE The PMODS coated columns suppresses the EOf because of the steric effect of the C18 ligands which may be dominant in the shielding of the charge centres on the column wall.
A lower electroosmotic flow was observed for Carbowax 20M coated columns. This might be due to the less negative charge distribution of the O atom from the C-O bond in the polyethylene glycol coating. In addition, the C-OH groups are more difficult to dissociate than surface silanol groups.
The adsorption of SDS on the wall of a bare silica column is hindered by the electric repulsion of ionized silanols. The observed decrease of the EOF in this case can be attributed to increase in the viscosity of the electrolyte solution by addition of SDS. The enhancement of the EOF in PMHS and PDMS modified columns indicates adsorption of SDS on the wall. For PMODS coated columns we assume that a Donnan exclusion effect prevents the SDS adsorbing on the coating. Consequently no significant change in the EOF by addition of SDS was observed. Since the Carbowax 20M coating shows little or no hydrophobic properties SDS will not be adsorbed. Therefore, again no significant change in the EOF could be observed.
Finally, the stability of the Carbowax 20M modification is superior to that of the PDMS coating under the applied experimental conditions.
